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ABSTRACT

Hydraulic model studies were performed to investigate flow con- -
ditions in the diversion works, the tunnel spillways, and the river
outlet works. The alinement of the tunnels was satisfactory for.
both diversion and spillway flows. A '‘low, curved concrete wall.
placed adjacent to the right canyon wall will protect the canyon
wall from undermining and erosion damage by diversion flows.
The spillway approach channels were greatly reduced from their .
original size. Flow through the crest sections was excellent and
no adverse pressure conditions were noticed. However, the pre-
liminary tunnel transition was too abrupt as indicated by rough
flow conditions and subatmospheric pressures. A longer, ade- .
quately streamlined transition was developed for prototype con-
struction. Flow in the 41-foot-diameter tunnels was excellent at
all discharges. - The preliminary rectangular flip bucket at each
downstiream tunnel portal was replaced by a bucket in which the
circular invert of the tunnel intersected the vertical curve of the
bucket. This type of bucket eliminated the need for a circular-
to-rectangular transition. The outside walls of both buckets were -
turned inward to direct the flow into the river in a more favorable
pattern. Pressures as great as 211 feet of water were measured
in the invert and on the wall of the left bucket.  The river outlets
were arranged in a fan shape to reduce their erosive tendencies

in the river channel. Tailwater drawdown tests indicated that the
tailwater elevation at the powerhouse will be as much as 30 feet
lower than the downstream water level, . =~ o e

DESCRIPTORS--*hollow jet valves/ *radial gates/ afterbays/ T
diversion tunnels/ *flip buckets/ hydraulic structures/ uplift
pressures/ cavitation/ control structures/ discharge coefficients/
flow/ Froude number/ head losses/ *hydraulic models/ jets/
Manning formula/ open channel flow/ spillway crests/ surges/
tailrace/ piezometers/ pressure measuring equipment/ energy
losses/ negative pressures/ stream erosion/ backwater/ draw-
down/ transitions/ training walls/ velocity/ velocity distribution/

IDENTIFIERS- —approachv.charir;ell tunnel transitions/ tunnel

spillway
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HYDRAULIC MODEL STUDIES OF THE SPILLWAYS i
‘ AND OUTLET WORKS--GLEN CANYON DAM .
COLORADO RIVER STORAGE PROJ ECT, ARIZONA

PURPOSE

The studies were conducted to thoroughly 1nvest1gate the hydrauhc
characteristics of the tunnel spillways and river outlet works to
provide reliable performance .under all opera’q1ng cond1t1ons

CONCLUSIONS

1. The alinement of the tunnels, Flgure 2, is satlsfactory for dlver—
sion flovqhs‘ and spillway flows ’ : : ‘
2. Preliminary tests ona 1: 88 scale model mdlcated that the most
satisfactory invert angle for the flip buckets was 35°. Subsequent
tests on the 1:63. 48 splllway model conflrmed this. ; :

3. A low curved concrete wall placed adJacent to the r1ghf canyon
wall will protect the canyon wall from further undermining and
erosion damage by diversion flows, F1gures 24 a.nd 25.

4, The sp111way approach channels were greatly reduced from
their original size and still prov1ded extremely smooth flow con-
ditions, Figures 26 through 36. s i e et el

5. Flow through the crest sections was excellent'mand ?10” a'dverse.‘
pressure conditions were noticed, Figure 38. The maximum dis-
charge of 138, 000- cubic feet per second (cfs) per tunnel was
obtained at reservoir elevation 3711 the value used for des1gn
purposes, Figure 39. : ‘ .

6. The prehmmary tunnel trans1t10n was too abrupt. A surface
fin formed in the center of the tunnel and pressures on the side-
walls were in the cavitation range, F1gure 38.




7. The longer recommended tran51t10n, Figure 42, is adequately
streamlined and provides smooth flow conditions with no adverse
pressures on the 51dewa11s, Flgures 43 and 44 : ‘

8. Flow in the 41-foot- dlameter tvnnels was excellent at all
discharges. S

9. The prehmmary downstream cu-cular-to rectangular tunnel
transition was too short, as indicated by severely subatmospherlc
pressures in the lower corners, Figure 45. Increasing the transi-
tion length from 70 to 100 feet increased the. pressures to a satis-
factory degree. This transnlon was ellmmated in the recommended
design : e

10. The preliminary ﬂlp buckets, whlch were rectangular in
cross section, were replaced by a bucket in which the circular
invert of the tunnel intersected the vertical curve of the:bucket,
Figures 60 to 63. This type of bucket also ehmmated the need

for the circular-to- rectancular trans1tlon :

11. Thp flip buckets were moved upstream to the tunnel portals, K
eliminating about 200 feet of open channel : :

12. The outside Walls of the buckets were turned 1nward 7 feet to
direct the flow in 2 more favorable pattern at the1r 1mpact pomtsh
Figures 65 and 66. : - .

13. The outside wall of the left bucket Was extended 32.5 feet” '
downstream from the lip to deflect the flow from the canyon wall,

14. Pressure measurements on the wall and invert of the left -
bucket showed that pressures as great as 211 feet of water should
be considered in the structural des1gn of the bucket, Flgu.re 34

15, The river outlets were arranged to d1str1bute the Jets in a

fan shape, reduce their erosive tendencies in the river channel,
and lessen the amount of riverbed material that had been carried
upstream into the powerplant afterbay, Flgures 1 and 72 SR

16, Erosmn tests 1nd1cated that 24- to 30-inch- dlameter rlprap o
would be adequate to protect the powerplant tailrace channel. :

17. Tailwater drawdown curves indicated that the tailwater eleva-
tion at the powerhouse will be as much as 30 feet lower than the
downstream tailwater elevation for the maximum splllway d1scharge
of 276,000 cfs, Figure 76,

18. Uplift pressures on the tallrace concrete slab were found to-
be 3 feet of water or less, Figure 77.
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INTRODUCTION

Glen Canyon Dam is the principal feature of the Colorado River
Storage Project. It is located on the Colorado River in north-
central Arizona approximately 15 miles upstream from Lee's L
Ferry and 13 miles south of the Utah border, Figure 1. The dam

is a concrete arch structure 710 feet h1gh and approximately :
1,550 feet long, Figure 2. The reservoir, at normal water sur-
face elevation 3700, will have a surface area of 161,400 acres
and a capacity of 27 million acre-feet, Figure 3. It will extend
186 miles up the Colorado River and 71 miles up ‘the San Juan
River. The reservoir will be used for regulatory storage and for
the development of power in the eight-unit 900, 000 kllowatt (kw)
powerplant. ‘

The principal hydraulic features of the dam are two tunmel Splll- :
ways and the river outlet works. The tunnel spillways are located
in each abutment. The spillway entrances are located about

600 feet upstream from the dam and consist of unlined approach
channels and reinforced-concrete crest structures, Figures 2

and 3. Flow in each spillway is controlled by two 40- by 52.5-~foot -
radial gates. Downstream from each intake structure is a transi-
tion from a flat-arch roof section, 89 feet wide by 52 feet high, to
a circular section 482. 5 feet in diameter, Figure 4. A tapered
circular transition reduces the tunnel diameter to 41 feet in 180
feet. The remainder of each tunnel is 41 feet in diameter, ter-
minating in flip buckets at river level. The capacity of each spill-
way is 138,000 second feet Yo

The studies on the spillways 1ncluded 1nvest1gat10n of ﬂow cond1-
tions in the approach channels, gate structure, tunnel transitions,
tunnels, flip buckets, and downstream river channel. 'Studies were
also conducted to determine tunnel alinement and flow conditions
at the downstream tunnel portals during diversion.

The river outlets are located downstream of the dam near the left -
abutment, Figure 2.. Flow through the outlets is controlled by four
96-inch hollow-jet valves placed above the maximum tailwater to
discharge horizontally into the atmosphere. . Investigations of the
river outlets were limited to alinement of valves and flow charac-
teristics in the river when operating singly, jointly with the spill-
ways, or with flow through the powerplant.




THE MODELS

Two models were used in the tests on the spillways and outlet
works.. The first was a 1:88 scale model for preliminary investi-
gations of the diversion tunnels and flip buckets, ‘Figure 5. . The
second was a comprehensive 1:63. 48 scale model of the spillways
and outlet works Flgure 6.

The 1:88 scale model was contained in a 12 by 30 foot box and
included an equivalent of approximately ‘1, 000-foot lengths of the
horizontal portion of each diversion tunnel and a sufficient area
of the canyon and river channel in the vicinity of the tunnel portals
so that exit flow conditions during river diversion could be eval-
uated, Figure 5. Water was supplied to each tunnel through sep-
arate pumps and measured by laboratory orlflce—venturl meters
in each supply pipe. Computed flow depths and velocities in the
tunnels were established by slide gates placed at the upstream
end of each tunnel section. The river water surface level was
regulated by a tailgate at the downstream end of the model, and
water surface elevations were obtamed by means of point gages
placed at appropriate locatlons :

The flip buckets used in the preliminary investigations were con-
structed of concrete screeded to sheet metal templates.

The 1:63. 48 scale model covered a floor space of approximately
27 by 90 feet. The headbox containing the portion of the model
upstream from the dam was 14 feet high, and the tailbox contain-
ing the downstream river channel was 3 feet high, “Figure 6.
Incorporated in the model were a 1,000-foot reach of the canyon
upstream from the dam and about 3,500 feet of river channel
downstream from the dam.

The vertical drop in the model tunnels was 1.35 feet (model)
greater than the scaled prototype dimension, and the lengths of
the horizontal tunnel sections were reduced by 5 feet (model) to
compensate for the added friction loss in the model. = These .
adjustments to the tunnel lengths and’ fall assured that the flow
velocity at the elbows and portals/were correctly representcd
Tables 1 and 2 show the friction ]oss computations for maximum
discharge through the model and prototype.

The spillway crest sections, the excavated approach channels
between the canyon edge and the spillways, and the flip buckets

at the downstream end of the tunnels were modeled in smooth con-
crete screeded to sheet metal templates. ‘The crest piers were




~‘constructed from wood and the radial gates were made from gal-
vanized sheet metal. The topographic features of the canyon walls
and the outline of the arch dam were modeled in concrete placed
over wood templates and expanded metal lath. The river channel |

in the canyon downstream from the dam was represented with a
movable sand bed. The general exterior outline of the powerhouse
was constructed from waterproofed plywood ‘Powerplant flows in
the river channel were accurately represented Ly an independent
water supply. The river outlet valves were machined from brass

~ stock and were individually operated. The tunnel transitions at the
splllway portals and the tapered tunnels downstream of the transitions
were made in clear plastic formed under heat over ‘wood patterns or -
molds. The 41-foot-diameter tunnels were renresen‘ced by extruded
plastic pipe. The nominal diameter of this pipe was: ‘8 inches but the
actual 1n31de diameter- was: 7-3/4 mches which determmed the
model scale: N ‘

Water was supphed to the model” frorn the central laboratory supply
system and measured by venturi meters. ' The maximum combined
spillway dlscharge of 276,000 cfs was represented by a model dis-
charge of 8.8 cfs. ' Water surface elevations in the reservoir were -
. determined from a point gage in a stilling well. ‘The opemng to the
stilling well was in the center of the headbox, well upstream from
the effects of the spillway backwater curve. Tailwater levels were
controlled by an adjustable tailgate at the downstream end of the
tailbox. Tailwater elevations were measured on staff gages located
at the end of the tailbox and on the face of the powerhouse. Pres-
sures on the spillway crest, transition, tunnels, and flip buckets
were determined from piezometers connected to open-tube manom--
eters. Care was taken to make these piezometer. openings normal
and flush with the flow surface, burr free, and without change
in d1rect10n for a d1stance of at least 3 dlameters from the
surface.

THE INVESTIGATIQN B

Diversasion Studies

During construction of the dam, the entire riverflow was diverted -
through two 41-foot-diameter concrete-lined tunnels, one on each -
side of the river channel, Figure 7. When the tunnels are no longer
needed for river diversion, about 1,000 feet of the downstream '
sections of both tunnels will become a part of the tunnel spillways.

In the initial design planning, the diversion tunnels were 50 feet .
in diameter, unlined, and approximately 2,500 feet in length.
Tests performed to determine whether the sandstone through
which the tunnels were bored could withstand the erosive force




of sediment-laden, high-velocity flow indicated that the diversion
tunnels should be lined. 1/ Accordingly, lined tunnels were spec-

% ified and the diameter was reduced to 44 feet. Subsequent to the
diversion studies, the diameter of the tunnels was further reduced
to 41 feet to match the final size. requlrement for sp111way dis-
charges. :

Hydraulic model studies were requested to check ’che almement
and elevation of the diversion tunnels with respect to the river
channel. This model also was used for preliminary investiga-

tions of the flip buckets at the end of the tunnel splllway

The two discharge quantities used for the d1vers1on stud1es were
30,000- and 65,000-cfs per tunnel. Tests were made with the
right tunnel operating singly and with both tunnels operating.
Since the intake portal of the left tunnel is about 35 feet higher -
than the right tunnel intake, the left tunnel will not operate
singly.

Two tailwater elevation curves were used during the studies,
Figure 8. One was the "Phoenix" curve, derived on the assump-
tion that Marble Canyon Dam will be built downstream from Glen
Canyon Dam and will control the tailwater elevations. The second
curve was based on observed water surface elevations for the
extreme lower range of flows at Glen Canyon and extended for the
higher flows from the shape of the Lee's Ferry tailwater curve
which is based on a comprehen51ve range of discharge measure-
ments. (Lee's Ferry is a permanent gaging station downstream
from Glen Canyon.)  The tailwater curves, shown on Figure 8,
indicate a difference in elevation of approximately 5 feet for low
flows and 17 feet for maximum flows; the Marble Canyon curve
shows the higher tailwater elevations.

The investigations showed that, in general, the tunnel alinement
and grade were satisfactory for diversion flows. The curved

exit wall downstream from the right tunnel caused some eddles

in that vicinity, but when the curved wall was replaced by a
straight wall the eddies were eliminated and the flow was entlrely ,
satlsfactory Figures 9 and 10 show the flow conditions in the
river channel during diversion. ~

Prehmmary Flip Bucket Studies

Tunnel alinement. --For these stud1es, no changes were made in
the 1:88 scale model other than to install the ‘flip buckets at the -
tunnel portals. One purpose of the investigations was to determine

1/Report Hyd-423, Erosion Studies on Sandstone Through Which
the Glen Canyon Dam Diversion Tunnels Will Pass. Glen Canyon
Dam, Colorado River Storage Project.




if the alinement of the tunnels would be satisfactory when the
hxgher velocity spillway flows were ‘directed into the downstream
river channel. The principal objective of the tests, however,
was to determine the optimum angle of flip for the invert of = -
the buckets. The flip angle was evaluated on the basis of water
surface drawdown at the powerplant tailrace, wave action in the
river channel, and the general appearance of the jets leaving
the buckets. ‘A maximum discharge of 142,000-cfs per tunnel

for one- and two-tunnel operation with both tailwater: regimens
was used for these tests. The 142, 000-cfs maximum discharge
was reduced to 138,000 cfs before the 1:63., 48 scale model
studies were started.

Five buckets were investigated, Flgure 11. The buckets differed
in the angle of the flip which was accomplished by varying the
length and radius. of the invert curve. The locatlon and elevation
of the bucket lip were the same for all buckets

The tests showed that the ahnement of both tunnels was satisfactory
for all spillway flows. The elevation of the bucket lip also appeared
satisfactory for the lower tailwater conditions; with the higher tail-
water conditions, the water surface touched the lower nappe sur- = .
face, causing the jet to intermittently depress. However, since

the tailwater curves are tentative, it was decided that the bucket"

lip elevation should not be changed until a-final ta11water curve .

had been determined.

Water surface drawdown. --The following test procedure was u.,ed
in determining the water surface drawdown. With either tunnel
operating alone or with both tunnels operating simultaneously, the
tailwater elevation was set at the point gage located approximately
500 feet downsiream from the tunnel portals; after allowing adequate
time to insure that the flow in the river channel had become con- .
stant, the water surface elevation at the approximate location of
the powerhouse tailrace upstream from the tunnel was determined.
The difference in water surface elevation between the two stations
was used as a measure of the drawdown

The curves on Flgure 12 show the Water surface drawdown for the
different flip buckets. The curves indicate that for single-tunnel
operation, the greatest drawdown occurred with the 30° flip bucket
and the least drawdown with the 35° bucket. Due to the relative
position of the buckets and their alinement with the river channel,
the drawdown for the 30° and 35° buckets was greater when the
left tunnel was operating than .when the right tunnel was operating.
For the 25°, 40°, and 45° buckets, the drawdown was about the
same when either tunnel was cperating. During single-tunnel
operation, there was greater water surface drawdown with the
higher tailwater elevation.




When both tunnels were operating, the least drawdown occurred
with the 40° and 45° f11p buckets using the high tailwater and with .
the 35° flip bucket using the low tailwater. 'The greatest draw-
down occurred with the 25° bucket using the high tallwater, and
with the 30° bucket using the low tailwater.

On the basis of the drawdown measurements and the general flow
appearance, it was decided to use the 35° flip curve for both tun-
nel spillways. Figure 13 shows the operation of three of the buck-
ets during maximum dlscharge and the Marble Canyon (hlgh) ta11— ‘
water elevations. -

Diversion Studies in 1:63.48 Model

Prototype operation. --The hydraulic model investigations were
performed concurrently with the construction of the dam. During
the first 2 years of construction, most of the riverflow had been
diverted through the right diversion tunnel; only small quantltles
had passed through the left tunnel. The diversion flows caused
some undercutting of the right canyon wall and the" appearance of -
the flow downstream from the tunnel portal 1nd1cated that erosmn
of the river channel was taking place, F1gure 14A.

Model studies were initiated to 1nvest1gate methods proposed to ‘
prevent further erosion damage. Inthe early phases of the diver-
sion model studies, the full extent of the prototype erosion became
apparent when about 20,000 cubic yards of the canyon wall imme-~ -
diately downstream from the portal fell into the river, Figure 14B.
The rockfall had little effect on the diversion flow; the headwater
rose for a day or two, but returned to its former elevation after

the small debris had washed out. However, in order to forestall
further slippage of the canyon wall, the decision was made to

close the diversion gates of the right tunnel and to make repalrs

to the area where the rock wall had slipped. These repalrs would
include stripping of the canyon wall to prevent further falling of
the rock, construction of a protective concrete wall along the right
canyon wall, and filling the eroded holg in the channel with con-
crete to elevation 3130.0. While these repairs were underway,
diversion flows were passed through the left tunnel

Initial studies. --One proposﬂ for the emergency repalr of the
scour hole was to install the boticim half of the flip bucket; at a
later date the top portion of the bucket would be added for final
operation. However, -this two- stage bucket had been tested during
left diversion tunnel studies as.a probable solution for difficulties
with the diversion water strlkmg the canyon walls and had operated
so poorly that the plan was abandoned. The results of these studies
are given in Hydraullcn Branch Report No. Hyd-468.




The first emergency repair method investigated in the 1:63. 48
model was to install the complete flip bucket at the tunnel portal..
For most diversion dlscharges, the water poured over the bucket -
i lip and side without springing clear of the bucket. These flow con-
e ditions could possibly cause additional rock erosion around the
e completed bucket; therefore, the studies were directed toward .
developing adequate protection to the canyon Wall and channel down—
. stream from the portal : : :

Side channel Spl].].Wj --The downstream cofferdam is located adja-
. cent to the bucket. To prevent the diversion flows from eroding the
cofferdam, it was proposed to construct a concrete-lined channel
parallel with the flip bucket so that water passing over the side of g
the bucket would be carried downstream away from the cofferdam.; =
Two types of channels were proposed; one was a deep channel on a A
flat slope, and the other was a comparatively shallow channel on - /
a steep slope. Since it was desirable to keep the amount of rock
excavation involved to a minimum, the shallow channel was flI‘S‘t i
tested in the model Figure.15.

Flows up to 35, 000 cfs did not overtop the s1dewa11 of the cha_nnel
although a small amount of splashing did wet the adjacent cofferdam,
Figure 16, Flows above 35, 000 cfs overtopped the wall and semousl y‘
damaged the adjacent cofferdam Figure 16. On the basis of these |
tests, further modifications were needed to prevent damage to the
cofferdam.

The side channel spillway was redes1gned so that it was wider and
the left wall was curved toward the river. A 5-foot-wide seawall i
or coping strip was placed on top of the wall to deflect the flow
downward, Figure 17. This protective device performed excep-;
tionally well and protected the cofferdam against damage for flows
up to 100,000 cfs, Figure 16.  In addition to directing the flow
away from the cofferdam, the jet spread into the river channel /
and relieved some of the pressure agamst the right canyon. wall

Although this structure prowded the necessary protection, a des1gn
analysis showed that it would be too expensive for a: temporary

. structure because of the difficult construction and the lack of good
rock foundation in the area.

Deflector walls. --The rock fall from the canyon wall, descrlbed

previously, required that protection be provided to prevent further
undercutting and slippage of the canyon wall. It was decided,
therefore, to fill any eroded holes in the channel floor with concrete
and to develop a protective wall that would deﬂect the flow away
from the canyon wall.




FER o

Cross sections received from the field indicated that the canyon
wall had been undercut as much as 50 feet to the right of the-
projected right side of the tunnel, ‘The model canyon wall was - .
modified to represent this undercutting and the overhanglng rock
above the undercut sectlon was strlpped back Flgure 18.
To evaluate this proposal in the model the rlght canyon wall ‘and
the channel floor downstream from the tunnel portal were remolded
in a weak, easily erodible, sand-cement mixture. The erodible
mixture was composed of’ alumlnous cement which formed a con-
crete that attained its ultimate strength in 24 hours. The strength =
of the mixture was such that it would begin to erode at a model

velocity of about 1.5 feet per second (fps). 2/ The cement-sand
ratio of the mixture was 1 70, by weight, the water-sand ratio.
was 1:5, by weight. The procedure for placing the material
was to mix the three ingredients thoroughly, and to tamp the mix-
ture firmly in the model with a wood hand trowel. The mortar
was placed to a depth of about 3 inches on the floor and 4 to 12
inches on the sidewall. The mixture was allowed to cure for a-
minimum of 24 hours before an erosmn test was started
A vertical deflector wall was the flI‘S'l'. protectlve device 1nvest1—
gated with this model arrangement. The wall was placed to the
right of the tunnel and extended 50 feet downstream from the tun-
nel portal and converged about 8 feet toward the tunnel centerline,-
Figure 18. This wall would eventually serve as a backmg for the -
right side of the permanent bucket.

Tests showed that this deflector wall falled to direct the water :

into the river and was ineffective in preventing undercutting. The
flow impinged on the eroded area and tended to increase the canyon
wall erosion downstream from the presently eroded area, Figure 18, :

The deflector wall was revised by 1ncreasmg the amount of deflec-
tion at the end of the wall and by superelevating the floor, Figure:19.
This revised wall accomplished the purpose of deﬂectmg the water
away frorn the canyon wall, Flgure 19

Although the model studies 1nd1cated that the superelevated deﬂector
wall was sausfactory under the assumed eroded conditions, it was
decided that, since the true shape and:.depth of channel bed erosion
downstream from the tunnel portal were not known, an alternate
scheme should be developed for use. The choice of the schemes
would be made after the area was. unwatered and the ex‘tent of
erosion was determined.

2/Appendix C, Fontana Pro_]ect Hydrauhc Model Studles, Techmcal
Monograph No. 68, Tennessee Valley Authority.
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The alternate scheme consisted of a low wall laid against the
canyon wall along the curve of the eroded portion and extending
downstream from the tunnel portal. A structure of this type was
preferable to the superelevated structure because its removal .
after temporary use during the diversion period was unnecessary.

The first wall investigated was 250 feet long and 30 feet high and
extended in,a long-radius curve from the tunnel portal to the point
where the canyon wall breaks away from the right flowline, - ‘
Figure 20. In general, this wall was satisfactory for all flows,
Figure 21. However, for discharges between 35,000 and 50,000

cfs at certain tailwater elevations, an unstable flow condition
developed and caused the water over the entire width of the river

to fluctuate in a harmonic motion: This phenomenon was caused

by the tailwater alternately submerging the flow and being swept .
away by the high velocity flow from the tunnel. The resulting
surges were about 15 feet high with a period of about 30 seconds.
Action of this type would probably cause extensive damage to the
cofferdam. Figure 22 compares the flow conditions when the jet
emerging from the tunnel is partially submerged by the high point
of the tailwater surge and when the jet flows free during the low stage
stage of the tailwater surge. In an attempt to eliminate the surging
action, the curved wall was replaced by a straight wall that extended
in a direct line from the right side of the tunnel portal to the down-
stream end of the curved wall, Figure 23,  Surges as large as those
observed with the curved wall still persisted in ihe discharge range -
between 35, 000 and 50, 000 cfs, o ‘ ;

Since the straight wall did not impro=« the flow conditions and the
curved wall would require about 50 p«rcent less concrete to con-
struct, testing was continued using the curved wall. The surging
action in the river was caused by the flow from the tunnel sweep-
ing the water away from its path; this displaced water moved
across the river in a surge, impinged on the left bank and was =
deflected back across the river toward the right bank where it .
again impinged on the flow emerging from the tunnel. It was rea-
soned that if the flow in the river could be kept from impinging on
the tunnel flow, the surging_action would not start.. Further test- ==~
ing showed that either a spur dike or wall placed about 150 feet
from the canyon wall with its long axis parallel to the diversion
tunnel centerline and extending about 150 feet downstream from
the existing cofferdam prevented the unstable flow and resulted

in satisfactory operation for the entire range of discharges.

To effect the repairs at the tunnel portal and canyon wall, this
area must be isolated from the river by a cofferdam so that it
can be pumped dry. The cofferdam will extend between the exist-
ing main river cofferdam and the canyon wall about 300 feet down-
stream from the tunnel portal. It was recommended that the spur




dike be the remains of this cofferdam. In other words, only that
portion of the cofferdam near the canyon wall would be removed

to allow passage of the diversion flow and the remainder would
serve as the spur dike between the tunnel flow and the river chan- -
nel. Model tests of this scheme indicated that the dike was satis-
factory and fairly stable but might require some rlprap protectlon
on the nose of the dike. :

Instead of the curved wall, a wall consisting of three chords was
used, Figure 24. This wall was found to be less effective than

the curved wall but minor differences in performance were justi-
fied by the lower construction costs. It was demonstrated by con-
structing and later removing the downstream part of the cofferdam
that the dike thus formed would be effective in preventing the har-
monic motion surges in the tailrace for discharges 1n the 35,000~
to 50, 000-cfs range.

The wall consisting of the three chords, Figure 25 and the spur .
dike formed from the cofferdam were installed in the prototype.
Subsequent operatlon of the diversion tunnel showed this scheme

to be very effective in handlmg the diversion flows.

Spillway Approach Channels

The portals or gate control sections of the tunnel splllways were
located inland from the canyon rim to provide adequate rock cover
for the tunnels and to obtain an exit angle into the river. Open

cut approach channels extended from the canyon edge to the spill-
way portals to provide flow passages between the reservoir and.
the tunnel spillways. The chanriels were unlined and; in plan,
were in the form of moderate curves. The sides of the channels
were excavated with 1/4:1 side slopes and converged slightly to -
provide a gradual acceleration of the flow in the approach chan-
nel. The approach channels were studied to determine the mini-
mum size and optimum alinement that would provide smooth flow
conditions at the gate control sections and spillway portals. =~ -

Left Approach Channel

Preliminary channel. --The preliminary left approach channel,
Figure 26, had a bottom width of about 400 feet at the canyon rim
and gradually converged to approxiniately 110 feet wide at the
spillway crest. In plan, the left.gside of the channel followed a
mild reverse curve; the right side followed a large radius curve.

Extremely smooth ﬂow conditions throughout most of the ,channel
at maximum discharge indicated that the width of the approach

channel was more than adequate. The only disturbances were in
the form of eddies and reverse flow currents along the right




boundary, Figure 27. Flow velocities were generally higher
in the right side of the channel than in the. left. At the channel
entrance, the velocity was 7.3 fps near the rlght side, 4.3 fps
at the center of the entrance, and 2.1 fps near the left side..

At the spillway entrance, the velocity- averaged about 15.5 fps
throughout the flow section. The velocity distributionin the
prehmmary approach channel is tabulated on Flgure 26.

These tests indicated that flow condltlons in the approach channel
and particularly at the spillway gate section were entirely satis-
factory. They also suggested that satisfactory flow conditions
possibly could be obtained by reducing the length and width of ‘the
channel. Testing of smaller approach channels, therefore, was
contmued : : : e : '

First revision. --The channel width was reduced by movmg the
Teft wall in about 70 feet at the canyon rim and fairing it into the
original wall about 100 feet upstream from the gate section.  The ,
right side of the channel was modified by using a short-radius =
curve at the canyon edge, thus prov1d1ng a more curved and abrupt
entrance, Figure 26.

Generally the flow in the revised channel was excellent. Flow'
disturbances along the left wall were negligible, Figure 28A. A
comparatively large contraction occurred at the curved end of -
the right wall where the water surface was depressed 4 feet and
eddy currents and reverse surface flow extended along the wall
from the depressed water surface to the gate section. However,
the effect of these eddy currents and reverse flow did not extend
beyond the tunnel portal and the ﬂow dlstrlbutlon in the portal
transition was very good. -

Second revision. --Since excellent flow conditions still existed .
in the approach channel, it appeared that the channel width could 1
be further reduced without adversely affecting the flow conditions.
Accordingly, the left wall at the canyon entrance was extended
‘downstream an additional 50 feet and faired into the. original .
boundary about 50 feet upstream from the spillway entrance, Fig-
ure 26, The right wall was further modified by using a longer
radius curve at the canyon edge and a comparatively straight-
approach to the spillway entrance. ‘

At the maximum discharge, the flow appearance in the channel

was very good. A negligible ripplingon the water surface near-

the left wall indicated that the reduction in channel width was near
the optimum. The amount of contractiononthe right side of the
channel was siill about 4 feet along the curve at the canyon entrance.




Eddy currents and reverse flow along the boundary were more
prevalent, Figure 28B. However, these distrubances did not
extend beyond the gate section and the flow appearance in the
transition remained satlsfactory , ‘

Third revision. --The w1dth of the approach channel was further
reduced by moving the left wall an additional 20 feet downstream
at the canyon rim; the right wall was no‘c altered in this rev1s1on,
Figure 26. -

At the maximum discharge, standing waves emanated from the _
left wall and extended from the left wall toward the center of the =~
channel in the direction of flow. These waves were less than
6 inches in height and caused no adverse flow conditions in the
tunnel. The water surface drawdown and reverse flow eddies
along the right wall were the same as those.observed for the
second revision. The appearance of the water surface in the
channel at the maximum discharge is shown on Figure 29A.

Flow velocities in the channel were generally higher than-the - .
velocities in the preliminary channel due to the greatly reduced
flow area. However, the velocities still tended to be higher on

the right side than on the left. At the channel entrance, the veloc-
ities near the right boundary were about 11.0 and 8.0 fps at
the center of the channel, and 6.1 fps near the left wall.
Velocities immediately upstream from the gate section were
comparatively uniform. ' The velocity distribution in the chan- -
nel is tabulated in detail on Figure 26. '

Fourth revision. --The only undesirable feature in the revised :
left channel was the flow appearance along the right wall. Although

detracting in overall operating appearance, the water surface draw-

down at the upstream end and the reverse flow eddy currents
between the point of drawdown and the gate sectlon did not affect the
hydraulic characteristics of the entrance. The tests indicated that
these conditions probably could be alleviated by modifying the right
. side of the approach channel. Therefore; the-comparatively abrupt.-
curvature of the right wall was cut back and replaced with a long-
radius curved wall from the reservoir to the gate section. This
change substantially reduced the length of the right s1dewa11
Figure 26.

The long-radius curve did not improve the flow conditions ,along
the right wall. At the maximum discharge, a 4-foot drop in the
water level still occurred near the middle of the curved wall with

eddies and reverse flow currents between the depressed water
surface and the gate section.




Recommended channel. —-Although the long radius curve: dld not
change the flow conditions onthe right side of the approach, the chan-,
nel width at the canyon rim was considerably increased. .Since pre-
vious tests had .shown that a comparatlvely narrow approach chan-

nel was adequate, the width: could be further reduced without

upsetting the excellent flow conditions and a further reduction in.

the quantity of rock excavation would be accomplished. Therefore,
the left wall was moved 20 feet downstream at the canyon edge and
faired into the prev1ously rev1sed Wall Flgure 30 ' : :

At the maximum discharge, the flow appearance in the channel
was satisfactory, Figure 29B. The flow velocities at the channely
entrance were more uniform and generally lower than the veloc-
ities observed in the third revision; the average velocities at the
canyon rim were 6.7 fps near the right bank, 7.8 fps at the
center, and 6.2 fps near the left bank. "The average: velocities
immediately upstream from the gate section were 18.1 fps on -
the right side, 16.8 fps at the center, and 15.1 fps near the
left bank. Although the flow velocities .at the gate section were
slightly less uniform than those observedinthe preliminaryor third
revised channel, the velocity distribution was considered entirely
satisfactory. Additional flow velocities in'the approach channel
are shown on Figure 31.

Right Approach Channel

Preliminary channel. --'I'he arrangements of the prellmlnary rlght
and left approach channels were similar. The gate section and
tunnel portal of the right spillway were set-a greater distance back
from the canyon edge than the left spillway gate section. This
difference permitted a more gradual or longer radius curve for
the left wall of the right approach channel. The outside or right
boundary of the right approach channel was in the form of a mod-
erate "'s' or reverse curve between the canyon edge and the gate
sectlon The bottom width of the right channel was 460 feet at -
the canyon rim and reduced to about 110 feet Wlde at the gate sec-
tion, Figure 32. :

At the maximum d1scharge, the ﬂow condltlons 1n the approach
channel were ideal. Flow ‘along the right side was excellent
except for small, very minor eddies at the channel entrance. - The
water surface was depressed a maximum of 2 feet along the left
side where the curvature was greatest. Flow disturbances in

the form of standing waves less than a foot high formed approxi-
mately parallel to-the wall. The approaching flow piled up to a
height of 1 or 2 feet in front of the piers on each side of the spill-
way entrance. This pileup was caused by a partial recovery of
the velocity head of the flow str1k1ng the flat surface of the pier




face, Figure 33. ‘Velocities at the :channel entrance were about
3.9 fps near the right side, 3.7 {ps in the center, and 4.5 ips
near the left side. In front of the-spillway entrance, the veloc-.
ities were about 14.6 fps on the rlght side, 15.1 fps in the
center, and 15.8 fps on the left side. The velocity distribution .
for the maximum dlscharge in the prellmmary channel 1s shown %
on Figure 32. . '

Because generally excellent flow conditions and comparatively -

uniform velocity distribution existed in the preliminary approach
channel, the tests were continued on approach channels requ1r1ng
less excavation. ' , : ‘

First revision. --The prellmlnary channel was modlfled by. mov1ng
the right boundary downstream about 100 feet at the cariycn rim
and fairing it into the preliminary boundary about 100 feet upstream
from the gate sectlon, Figure 32. The 1eft 51de of the channel was
not modlfled ,

At the maximum discharge, the appearance of the flow in the chan-
nel was very good, Figure 34; additional eddy currents developed
at the upstream end of the channel near the right side, but these
seemed to be caused by the shape of the natural topography rather
than by the restricted flow passage. The flow pattern along the
left side was essentially the same as that observed in the pre-~
liminary channel. ‘ i Rinpiad

Observatlons using dye streams and ﬂoatmg confetti conflrmed
that flow conditions in the restricted approach channel were
excellent and indicated that the channel width might be further
reduced.

Second revision. --The right wall was moved 75 feet farther down-
stream at the entrance and faired into the preliminary wall similar
to the first revision, Figure. 39 ‘No changes were made to the left
side. S : L

Again, the appearance of the ﬂow in'the: channel was very good
Figure 34. Surface disturbances appeared in the center and along .
the left wall of the channel, indizating that the channel width was -
near the minimum required for satlsfactory flow.

Third revision (recommended). -~The 11ght wall was moved down~-
stream an additional 30 to 40 feet at the canyon edge and faired
into the original wall similar to the prev1ous changes Flgure 30
No changes were made in the left wall.

The standing waves and surface dlsturbances first noticed in the
previous revision at maximum discharge were more apparent,




Figure 34. Howpver, the flow conditions were considered sa.txs-
factory since the water surface atthe gate sect1on was symmetrical
w1thout excesswe dlsturbances ‘ ‘
Flow velocities in the channel near- the canyon rim were about

6.2 fps near the right side, 8.5 fps in the center, and 10. 6 fps

on the left side. Immediately upstream from the gate section,

the velocities were about 14.2 fps on the right side, 13.2 fps in ,
the center and 16. 9 fps on the left side. Additional flow veloc1t1es
in the approach channel are shown on F1gure 31

Fourth revision. --A comparison of the above ﬂow veloc1t1es with
those recorded for the preliminary channel indicates that a narrow
approach caused a slight flow concentration on the left side of the
approach channel. To alleviate this asymmetrical velocity distribu-.’
tion and still retain the narrow approach channel, a small fill was -
placed in the upstream portion of the approach channel ~The fill
near the canyon rim sloped laterally from a height of 15 feet at

the left bank to the original floor -elevation on the right bank. The
fill also sloped downward in the direction of flow to the original
floor elevation about 120 feet upstream from the gate section.

The raised floor caused only a slight redistribution of the flow at -
the smaller discharges. At the maximum discharge, there was

no noticeable difference in the flow except near the gate section
where more surface disturbances in.the form of waves and eddies
were observed, Figure:36. These disturbances carried down-
stream into the tunnel transition and caused a rough water surface
and uneven flow distribution in the tunnel.. Because of these
undesirable flow conditions, the narrow approach channel with a
horizontal floor (third revision) was chosen for prototype use.

The recommended approach channels were considerably shorter
and narrower than those proposed in the preliminary plans. [t

was estimated that the reduction in the volume of rock excavation
was about 440, 000 cublc yards. ' | '

§Elllwqy Crest (Overﬂow Sectlon)

The right and left spillways are identical from the gate section to -
the horizontal tunnel.. Each overflow section includes two symmet-
rical 40-foot-wide flow passages separated by a center pier, Fig- -
ure 37. Flow is controlled by two 40- by 52. 5-foot radial gates.
The ogee section in each passage is turned inward 6° to provide
converging sidewalls and the center pier is tapered to provide a
constant width of passage through the ogee section. The stream- .
lined nose of the’center pier and the side piers extend upstream
from the ogee section to assist in developing gocd flow condition
in the control section. ‘The radial gates seat 11 feetdownstream
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from the crest axis at an elevatmn 6 mches below the crest eleva—
tion. ,

Since the two spillways are 1dent1ca1 :certain model data 1nclud-
ing water surface profiles, p1ezometr1c pressures, and general
flow characteristics in the tunnels-and transitions were obtained

. only in the left spillway, but apply equally well to the right splll- :
way. Although the two approach channels were slightly different,
the flow appearance and velocity distribution at'the gate sections
indicated that the flow conditions in the two structures were
similar. ‘ ;

Crest pressures. --Piezometers were placed in the overflow sec-
tion along the centerline of the left bay of the left spillway. Since
flow conditions were similar in the four bays of the two spillways,
piezometers were not placed in the other bays. Pressure meas-
urements made for free flow at the maximum discharge showed

no subatmospheric pressures on the crest profile. The piezom-
eter locations and pressures at each piezometer are shown on
Figure 38, Pressures for gate controlled d1scharges were elther ‘
near or above atmospheric, Flgure 44, ‘

Discharge capacity. --The dlscharge capacity of both spillways

for controlled and free flow was determmed from the model. The
flow quantities were obtained with: ‘both spillways operating; for
controlled flows, all four gates were equally opened. Several
scattered points were obtained with only the left splllwa v operat-
ing to determine if the flow through both spillways would be equal. -
At the points checked, the flow was exactly 50 percent of the
quantity that had been measured for s1m11ar reservcnr elevatmns
and with both spillways operating.

The discharge capacity of one gate for free flow and for controlled
flow at gate openings in 5-foot increments is shown on Figure 39.

At the maximum design discharge of 138, 000-cfs per spillway, the
reservoir elevation was 3710.65. The discharge coefficient for
the maximum flow was 3.48. L ‘- :

Tunnel Splllway Tran31t10n

Preliminary. --The change in cross: sectlon from the rectangular
spillway crest section to the 41-foot-diameter inclined tunnel was
accomplished by a curved transition from the rectangular spill- -
way to a 50-foot-diameter circular tunnel followed by a section

of tunnel tapering from 50- to 41-foot diameter, Figure 40.

The horizontal projected length of the transition invert was about
101. 4 feet with a vertical drop of 94.6 feet. The horizontal length
of the tapered tunnel was 135.9 feet with a vertical drop -of
194.1 feet.




In side elevation, the transition invert, spring lines of the upper.
and lower radii, and the crown:of the transition were parabohc
curves as shown on Flgure 40. In plan, the s1des converged in
a straight line. e e o

The invert of the tapered tunnel ‘smped doan'ard at an angle
of 55°. The top and sides of the tunnel converged lineally
until the 50-foot diameter was reduced to 41 feet.

The center pler on the crest extended down 1nto the trans1t1on
section for a horizontal distance of 65 feet. The downstream
end of the pier rose vertically from the invert for 35. 24 feet
then extended to the roof on a line normal to the roof. The
pier tapered from 8.5 feet wide at the start of the transition
to 5.0 feet wide at the end. The nose of the pier was stream-
lined, in plan, with a 15- foot radius and the downstream end.
of the pier with a 2.5-foot radius.

Flow conditions in the prehmmary transition were unsatisfac-
tory. At the small discharges, up to about 50,000 cfs, a fin .
formed in the tunnel which, although not pleasing to the eye,
caused no apparent difficulty. For flows between 50,000 and
100,000 cfs the flow exhibited some instability downstream
from the transition; however, the center fin had reduced in
magnitude. For discharges greater than 100,000 cfs, the flow
instability increased considerably; a definite "hump" formed
in the water surface near the top of the tapered tunnel section;
and the flow appeared to separate from the sidewalls, Flg- .
ure 41. These observations 1ndlcated that the change in sec-
tion was too abrupt.

Piezometers were installed throughout the walls and invert
of the transition section, Figure 38. Pressure readings at
piezometers located in the upstream end of the tapered tunnel
indicated pressures in the cavitation range at the maximum
discharge. Other piezometers in the sidewalls and curved
corners of the transition showed subatmospheric readings
during maximum discharge conditions; piezometers on the
invert indicated above atmospheric pressures for all dis-
charges. A complete tabulation of the: pressures is shown on
Figure 38.

Recommended transition. --Data from pressure measurements,
water surface profiles, and general flow appearance were
analyzed to determine what modifications should be made to the
transition section to provide satisfactory operation. It was
concluded that a curved transition approximately 50 percent
longer than the preliminary would provide sufficient stream- -
lining to insure stable flow conditions. In addition, it was




reasoned that the pressures on the s1dewalls of the tapered tun-
nel would be improved if the convergence was accomplished with
curved sidewalls tangent to the tapered tunnel rather than with
straight sidewalls and an’ ‘angular mtersectmn with the tapered
tunnel. : :

The recommended transition, Figure 42, had the same' general -
appearance as the prellmmary except that the side convergence
was accomplished in'a’curveé and the hor1zontal length was
increased about 26 feet.

The flow stability in the mod1f1ed tran51t10n was greatly 1mproved.
The general appearance of the water surface in the tunnel was not
xmproved the center fin that formed downstream from the center
pier was still present at low dlscharges, but did not impinge on. =
the roof or cause unsymmetrical flow in the tunnel. The fin was
not present at flows greater than 75,000 cfs. At discharges
greater than 75,000 cfs the water surface drawdown at the side
and center piers at the tunnel portal caused surface disturbances
that carried down into the transition; this rough water surface did
not create unsatisfactory flow conditions in the tunnel, Figure 43.

Piezometers were installed on the invert and sidewalls of the -
left tunnel transition in locations similar to the piezometers in-
the preliminary:transition. - The pressures obtained on the invert
were the same as those observed in the preliminary transition.-
All pressures on the sidewalls where cavitation pressures had
been observed previously were near atmospherlc A complete
tabulation of the pressures is shown on Figure 44.. ‘ :

Since no pressures near the ;cav1tat1on range were observed in
this transition, and since the flow appearance was satisfactory,
the transition was chosen for prototype installation.

Forty-one-foot-diameter Tunnels

Downstream from the tapered sectlon, the tunnel is: 41 feet in.
diameter and follows the 55° slope for about 75 feet and then
changes direction to the near horizontal tunnel with a 350-foot-
radius bend. The near horizontal tunnels continue for approxi-
mately 1,080 feet for the left tunnel and 910 feet for the right
tunnel, before emerging from the canyon wall, Flgure 42

Flow in the 41-foot-diameter tunnels was excellent at all dis-
charges. The minor water surface roughness that was notice-
able in the transitions and tapered sections had smoothed out
in the first few feet of the constant diameter tunnel and contmued'
smoothly through the vertical bend; consequently the flow in the :
horizontal tunnel was also satisfactory.




Piezometers were installed on the. tunnel 1nvert at mtervals from -
the downstream end of the tapered section through the vertical

bend. No subatmospheric pressures were indicated at any of the
piezometers. The piezometers along the vertical bend showed
the increased pressure due to the centrifugal force of the flow

in the elbow; the maximum observed pressure in the elbow was
equivalent to 88.7 feet of water, approx1mate1y twice the hydro-
static pressure. ;

Downstream Portal Transition

A transition was planned for the downstream end of each tunnel
to guide the flow from the circular conduit to the rectangular
channel between the tunnel portal and the flip bucket. Details
of the preliminary transition, which was 70 feet 1ong, are. shown
in Figure 45A. : :

The flow appearance in the transition was very good However,
-piezometers along the lower corner of the transition indicated
"subatmospheric pressures. in the cavitation range. Piezometers
were installed as shown in Figure 45A. The plezometers along
‘the bottom tangent line indicated above atmospheric pressures for ‘

the full length. The piezometers along the side tangent line showed

above atmospheric pressures at the upstream end of the transition,

4 feet of water below atmospheric about 17 feet downstream from
the start, and a steep increase to 13 feet of water above atmos-
pheric at the third piezometer 11 feet farther downstream. The

center row of piezometers indicated severe subatmospheric for

the first 17 feet, the lowest pressure being 23 feet of water below
atmospheric 3.5 feet downstream from the start of the transition.

The pressure 29 feet downstream from the start of the transition

increased to about 26 feet above atmospheric; pressures remained

above atmospheric through the remalnder of the transition, Flgure 45A., .

The subatmospheric pressures mdlcated that the change inéross
sectioninthe transition was too abrupt.. Accordingly, the transition
was modified so that it was 100 feet long with the centers of the
radii on each side tracmg a parabola, Figure 45B

The appearance of the flow in the moditied transition was excellent.

Pressure readings from piezometers in locations similar to those
in the preliminary transition were above atmospheric along the

full length, Figure 45B. On the basis of these tests, the second
transition was considered satisfactory for the field installation.
However, during subsequent model investigations of the flip buckets
downstream from the transition, it was determined that better
bucket performance could be obtained if the semicircular invert

of the tunnel was continued downstream and allowed to intercept

the upward curve of the flip bucket. This not only provided good




bucket performance, but eliminated the expensive formwor" needed
for the transition construction. The description of these mvestlga-
tions is included in the followmg section.

Flip Bucket Investigations

Preliminary. --In the preliminary layout 41 foot-wide opern. chan—
nels extended downstream from the transitions terminating in flip .
buckets. The combined length of the open channel and flip bucket,
was 251.5 feet in the right tunnel and 280 feet'in the left tunnel,
Figures 40 and 46. The bottom slopes of the channels were the
same as the circular tunnels. The inverts of the’ fhp-buckets con~
sisted of segments of a 109.92-foot radius circle. ' The flip angle -
of both buckets was 35° above the channel floor, ,or approx1mate1y
35°-12' above the horizontal, Figure 40.

Because of the difference in their ‘alinements' and lengths of the =
horizontal tunnels and open channels upstream from the buckets,
the left bucket was 319. 64 feet farther downstiream than the right
bucket. This bucket arrangement was very desirable hydrauhcally
because it spaced the spillway flow over a long reach ‘of the river
channel and prevented a concentration of the Jets 1n arelatively
small impact area. :

The appearance of the flow from the left bucket was very good at all
discharges. The jet cleared the flip bucket smoothly with no appre-
ciable lateral spreading. However, the jet spread longitudinally
and the length of its impact area was comparatively long, particu-
larly for flows less than 50,000 cfs. Figure 46 shows the flow from
the flip bucket for two discharges, wh1ch were representlve of the "
full range of discharges. ‘

The flow from the right bucket was also very good the jet appeared
similar to the jet from the left bucket, Figure 47. However, the
alinement of the right tunnel was almost parallel to the canyon wall,
and for spillway flows of 75,000 cfs and larger, the r1ght s1de of
the jet impinged on the canyon wall

When both splllways were operatmg with a combined discharge of
150,000 cfs or less, the flow conditions were completely satisfac- -
tory. For combined discharges greater than 150, 000 cfs, the
conditions were fair. During small discharges, the jet impact
areas were independent of each other and the quantities involved
were so small in comparison to the size of the river channel

that no adverse flow conditions were noticed. During the larger
discharges, the jet from the left bucket landed near the center of
the river, well downstream from the structures; the jet from the-
right bucket landed near the right side of the river with part of
the jet impinging on the canyon wall. The flow pattern resulted




in a concentration of flow along the right side of the canyon. Fig-
ure 48. This flow distribution caused an eddy current to originate .
near the left side of the left jet and to move upstream under the jet
toward the impact area of the right jet. The eddy current carried
some of the riverbed material that was being churned up by the
force of the jets landing in the river and was dep051ted in a sand-
bar that extended across the river approx1ma.te1y in aline between
the two buckets. The sandbar did not affect the spillway flow in
the river but with no flow through the spillways and only the power-
house in operation, the sandbar caused a 4-foot increase in the
water surface elevation in the powerplant afterbay. ‘

First revision. --Before tests were made to determine the posi-
tions of the buckets to obtain proper jet dispersion in the river, it
was decided to eliminate the transition between the circular tunnel
and the rectangular open channel by extending the circular tunnel
until it intersected the vertical curve of the flip bucket, Figure 49
Figure 50 shows the revised left ‘channel and flip bucket.

With this arrangement, the flow seemed to d1verge at the lip of
the bucket and resulied in considerably more lateral dispersion
of the jet. At the maximum discharge, the jet covered the entire
left half of the channel at the point of impact, Figure 50. This
lateral dispersion of the jet eliminated the eddy that formed with
the preliminary bucket and prevented the upstream sandbar deposit.
However, a wide, high sandbar formed downstream from the
impact area.

Second revision. --Based on the overall good appearance of the
flow, coupled with the apparent cost advantages of eliminating the
transition, the designers decided that the bucket with the circular
invert in the channel should be used for both spillways. In addi-
tion, the location of the buckets was changed, so that they would
be more nearly opposite one another, by moving the left bucket
100 feet upstream and the r1ght bucket 100 feet downstream.

At the maximum discharge, the two Jets landed in practlcally the

same impact area. However,. the jets from both buckets impinged -

on the canyon walls to a greater extent than previously. There was
extensive erosion of the riverbed but all of the disturbed material
moved downstream. The water surface was much rougher than it
had been with the preliminary buckets. Figures 51 and 52 show
the flow appearance from the buckets. :

Third revision. --For the third revision, both buckets were moved
upstream so that their vertical curve started 17.72 feet down-
stream from the tunnel portal. This arrangement resulted in a
staggered impact area similar to that with the preliminary buckets.




The buckets were next moved upstream to the tunnel portals when -
subsurface exploration and field core drilling showed that the rock
foundation on both sides of the canyon" downstream from the tunnel ¢
portals was not as sound as expected. EER

In addition, the wallon the canyon side of eachbucket was turned inward .
(toward the flow) 8 feet in a distance of 40 feet, Figure 53, andthe opp051te ,
wall of each bucket was turned outward 4 feet in 20 feet. ‘

With this revision, the Jets landed in tandem and the deflectmn e
of the outer side of the jets was moderate for all discharges,
Figure 56. The wall deflector caused the outside of the jet to rise
vertically and fold over into the main body of the flow. ' The side
of the jet next to the river was ragged and dispersed. The jets
became more compact as the discharge increased. Figures 54, 55,
and 56 show the flow conditions for several d1scharges representing
the complete range of operation. :

At the maximum dlscharge, surges in the river channel developed
and caused a 6- to 8-foot variation in the water level in the power-
house afterbay. This condition seemed to originate when a wave
caused by the impact of the right jet moved diagonally upstream:
toward the left bucket, passed under the left jet, and reached the

end of the bucket. The wave then rose to bucket lip and. struck

the lower surface of the jet causing the jet to depress The
depressed jet created another wave that moved toward the right
bucket where a similar action would take place. This alternating
action continued with the waves becoming progressively larger

and eventually extending upsiream into the powerhouse afterbay.
Occasionally, an 1rregu1ar1ty inthe per10d1c1ty of the action would cause
it to stop for short intervals.. Althoughthis-action would have tobe cor-
rected before a bucket would be acceptable, 1t was decided to proceed
with the tests to develop the wall deflectors

Fourth revision. --Before making maJor revisions of the flip
buckets, several quick tests were made with several wall deflec-
tors. These included deflectors: havmg a width of 4 feet in the
left bucket and widths of 6 and 7 feet in the right bucket ~The
diverging walls in the buckets were not- changed . ST

Based on the results of these tests, the fourth revised buckets ... .
were developed. The wall deflector of the right bucket was main-
tained at 7 feet wide by 40 feet long; the d1verg1ng wall remained

at 4 by 20 feet. In the left bucket, the 4 5y 40-foot converging.
wall was extended downstream an add1t10na1 30 feet making a
deflector 7 feet wide and 70 feet long; the 4- by 20-foot diverging -
wall was unchanged. Figure 57 shows the revised buckets.




The converging left wall of the left bucket had been extended an
additional 30 feet downstream as a result of model studies on the
tunnel plug outlet works.3/ which were being conducted simul-
taneously with this study.” During initial construction, the river-
flow will be passed through the diversion tunnels, Figure 7.

After the concrete dam has been constructed to a predetermined
elevation, the right diversion tunnel will be permanently plugged
at the vertical bend, Figure 3, and the riverflow will be diverted
through the left tunnel. This flow will be controlled by three 7-
by 10-foot high-pressure slide gates installed near the vertical
bend, Figure 58. Unsymmetrical operation of these gates caused
the flow to swing from side to side of the tunnel, Figure 59. For
certain combinations of head, d1scharge, and gates in use, the

jet leaves the flip bucket at an angle and impinges on the canyon -
wall. The 30-foot-long extension of the deflector was found neces-
sary to prevent the jet from striking the canyon wall :

The flow from the revised fhp buckets was very good. ‘A small

part of the jet from the right bucket struck the canyon wall at

flows less than 50,000 cfs, but the impingement was not severe
since the direction of flow and alinement of the walls were nearly
parallel. At the larger discharges, the deflector directed the o
jet away from the canyon wall. In the left bucket, the deflector ~
directed the flow away from the canyon walls at all discharges. '\
The portion of the jet that impinged on the deflector rose vertically
along the wall, in effect forming an L- shaped jet.. This jet shape .
caused a concentration of the flow in the river at the impact point
but flow conditions were satisfactory except at the maximum dis-
charge. At the maximum discharge, the jet was compact at the .
point of impaci and set up an eddying action that caused erosion

of the riverbed; however, since the eddies did nnt extend upstream L
this was not considered obJec’uonable : :

The wave action depressing the jets downstream from the buckets
also occurred with these revised buckets. The action was similar
to that previously described except that the waves were higher,
reaching heights equivalent to 50 or 60 feet midway between the
buckets and about 15 feet high (1n the form of slow surges) in the
powerplant afterbay. ‘ .

Fifth revision (recommended). --At this stage of the model investi-
gations, excavation at the damsite had shown that the rock founda-
tion was not as extensive as originally indicated and the small

ridge of rock behind the river wall of the buckets could not be relied
upon to take the hydraulic loads transmitted by the walls. Possible
bucket modifications included placing the buckets on firm rock by
movmg the buckets upstream into the tunnels or reducing the load

3/Air and H}Hrauhc Model Stud1es of the Left Diversion Tunnel
Outlet Works for Glen Canyon Dam, Report Hyd-468.
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on the walls either by reducing their he1ght or reducmg the overall
size of the buckets. : § : ‘

S

Temporary modlflcatlons of the buckets were made and tested to
determine which of the above changes was most effective. These
exploratory tests showed that the buckets could be moved upstream
the necessary 20 feet, but that no significant changes should be made
in their radius of curvature, angle of flip or length

The amount of deflection on the: left wall at the 11p of the left
bucket was increased from 4 to 7 feet to provide better protection
against the jet impinging on the canyon wall. As determined from
the left Diversion Tunnel Outlet Works tests, the 30-foot extensmn
beyond the end of the bucket was retained, making the total amount
of deflection at the end of the wall 12 feet 3 1nches ' :

The exploratory tests also indicated that the river wall of the bucket
could be reduced in height. When the portion of the wall above the
tunnel springline was removed from the model bucket, reducing the
wall height by more than 20 feet, flow from the river overtopped - ‘
the wall and interfered with the jet during spillway-discharges greater
than 75,000 cfs. When the wall height was raised 5 feet above the
sprmglme, flow from the river did not overtop the wall at any spill-
way discharge. Although the depth of water in the bucket was greater
than the height of the wall, the flow velocity was sufficiently high

that very little lateral expansion of the jet occurred. '

The buckets were rebuilt to incorporate most of the desirable
features determined during the temporary modifications and dis-
cussed above. Both buckets were identical except for length of s
canyon wall, Figures 60-63, and. consisted of the following features..
The invert radius was 108. 95 feet with the PC's located at the tun-
nel portals; the length of each bucket, from the PC to the lip, ‘was
67.50 feet; and the lift or change in elevation was 23.43 feet. The
outside walls converged 7 feet toward the centerline in 40 feet and
the convergence started 30 feet downstream from the portals. The
inside walls diverged 4 feet in a distance of 40 feet; the divergence
was accomplished by an arc segment of a 202-foot radius circle.
starting 30 feet downstream from the tunnel portal. The outside
wall of the left tunnel extended downstream 32.5 feet beyond the

lip of the bucket at the same rate of convergence. The outside wall
of the right tunnel and the inside walls of both tunnels terminated
2.5 feet downstream from.the bucket lip.  The tops of the inside -
walls of both tunnels were about 6 feet above the springline of the
tunnels. The tops of the outside walls were 2 feet high at the portal
and sloped upward on a 33. 47 percent slope.

A total of 32 piezometers were installed in the left bucket——6 in the
invert, 17 in the left wall, and 9 in the right wall, Figure 64.




The performance of these flip buckets was excellent in every
respect. At maximum discharge, the jets leaving the buckets

were very compact, and at their impact: point the jets from the:

two buckets covered the width of the river channel in such a man-
ner that there was no return flow along either bank, under the

jets, or in the center of the channel. ' Some return flow occurred
along ‘the banks with the smaller d1scharges, but the eddies did.

not extend far enough upstream to erode the river banks or channel:
bottom in the tailrace area. Figures:65, 66, and 67 show flow
conditions with the recommended buckets.

Top profiles of the jets for maximum discharge were obtained for
the purpose of determlnmg whether the powerlines in their proposed
location over the river channel would be endangered by splash and
spray. .The profiles, shown on Flgure 68, 1nd1cated that relocation
of the powerlines was unnecessary .

Pressure measurements were obtalned at the maximum discharge
and three smaller discharges as an aid in the structural design
ofthe buckets and to determine whether any cavitation pressures
were present. These measurements indicated that the highest
pressures would occur along the 1rn,_-,wat Piezometer 1 at maxi-
mum discharge and would be equivalent to about 211 feet:of water.
The lowest observed pressure occurred at Piezometer 26, and
was equivalent to 7.6 feet of water below atmospher1c The pres-
sure readings are tabulated in Flgure 64. :

The performance of the fifth revised flip buckets was satisfactory
in all respects and they were recommended for. prototype installa-
tion. : '

River Outlets and Powerplant Afterbay

The river outlets and the powerplant afterbay tests are necessarlly
grouped together since flow from the river outlets affects the flow =
conditions in the afterbay. These investigations were concerned with
dispersing the flow from the outlets with minimum flow disturbances
in -the afterbay and minimum riverbed erosion. The minimum size
riprap protection in the afterbay area was also determined.

River outlets. ~-The river outlets are four 96-inch hollow-jet valves
located on the left side of the river 150 feet downstream from the
machine shop, Figures 2 and 69. The outlets will be used pr1nc1pally
to maintain the minimum downstream riverflow before the power-
plant is in operation and to control storage in the reservoir during
the flood seasons after the right diversion tunnel is closed.: In the -
latter instance, the valves will be used in.conjunction with the tunnel
plug outlet works. The valves'will also be used to supply sufficient
releases during floods which approach the magnitude of the ultimate
design flood. The maximum discharge capacny of the four valves is
only 15,000 cfs due to the velocity'limitations in the conduit. The




comparatively large valves are needed because it mlght be neces-
sary to release the maximum dlscharge at very low heads during -
initial operation. At high reservoir elevations the valves will be
operated only at partial openings. In the prehmmary layout, :the
valves were horizontal and parallel m plan w1th all centerhnes at
the same elevation. _
The jets from the valves, in effect landed as a un1t and caused
considerable disturbance at the point of impact, Figure 70. The
churning action of the jets eroded the riverbed at the: point of impact
and displaced large amounts of material. The eroded material
moved in the direction of flow and formed a sandbar, semicircular:
in plan, downstream from the jet impact area. After 1 hour of
operation (model time) this semicircular sandbar had extended
across the width of the river channel and had moved 200 to 300

feet downstream from the jet impact area. The height of the
deposited material was about 8 feet higher than the or1g1na1 ‘bed.

As the sandbar built up, it turned part of the flow, causing: eddles
to form on each side of the impact area. On the: rlght side, a
clockwise eddy formed and moved: upstream toward the tailrace,
passed in front of the powerhouse, then moved downstream, and
re-entered the area where the jets were striking. ‘On the left 51de, :
a counterclockwise eddy formed and moved toward the left canyon :
wall, turned, flowed upstream along the wall and re- entered the
jet impact area. e

The riprapped apron in front of the powerhouse was represented -

in the model by a concrete surface. Initially, the eddies carried
some of the eroded riverbed material onto this concreted surface;
as the action progressed, the eddy removed material from in front
of the concreted surface. The erosion in this area after about -

3 hours operation of the outlets is shown on Figure 70. The over-
all severity of the erosion and the formation of large eddies indic-
ated that modifications of the flow pattern from the rivers outlets -
were necessary. ,

To determine if the erosion pocket in the afterbay would eventually
stabilize, the deeply eroded areas adjacent to the concrete apron
were filled with sand and the: downstream sandbar removed until
the riverbed was at elevation 3130%. The deep hole that was
eroded by the impact of the jets was not filled. The water level

in the model tailbox was slowly raised until the tailwater eleva-
tion was at 3144; then the river outlets were opened to discharge
15,000 cfs. Almost immediately the same eddy action started

and after a few minutes the flow pattern and eroded areas were -
identical to those observed in the flrst test.

The concrete apron downstream from the powerhouse was removed .
from the model and replaced with 3/4- to 3/8-inch gravel, repre-
senting 30- to 36-inch prototype riprap. Sand representing the
erodible material in the river was extended upstream to the riprap.
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Opera ion at 15, 000 cfs showed the same eddy patterns as observed
iiithe previous tests. The erosion after 3 hours' operation also was
similar; all of the loose bed material along the downstream edge of
the riprap was removed by the eddies but none of the I‘lprap was dlS-;
placed. , \

To disperse the jets from the valves over a wider area, the valve .
alinement was modified by turning the three right-hand valves to the
right. The left (No. 4) valve alinement was unchanged; No. 3 valve
was turned 5° to the right, No. 2 valve 10°, and No. 1-valve 15°,
Figure 71A. Spreading the jets helped the flow pattern co‘nsiderably. ‘
After 5 hours' (model time) operation, the eddies and erosion were
reduced over that observed with the original alinement after 1 hour's
operation. There was no movement of the riprap in the afterbay
area. However, the riverbed material that eroded from the impact
area moved downstream and formed a sandbar across the river
approximately on a line between the two flip buckets. When the -
river outlets were shut down and the only flow was through the power-
plant, this bar became the water-level control and raised the water
surface elevation at the powerhouse about 5. 3 feet above normal tail-
water elevation. , :

To further disperse the flow from the river: outlets, the angle
between the valves was increased an addltlonal amount. The left
valve was unchanged; the second, third, and fourth valves from the
left were turned to the right of their original alinement 7-1/2°, 15°,
and 22-1/2°, respectively, Figure 71B.

The model was then operated with 15, 000 cfs through the valves,

32, 000 cfs through left spillway, and 24, 000 cfs through powerhouse;
the jets were well dispersed, Flgure 71. Eventually the flow pattern
became the same as described in the original tests, but since the flow
was more dispersed the length of time required to attain this flow pat-
tern was longer. The riverbed erosion at the end of 10 hours' model
operation was similar to that obtained in the previous test; the eroded
material formed a sandbar far downstream from the flip buckets,
Figure 72. The top of the sandbar was at elevation 3047 and caused
the tailwater elevation to be.5 feet above normal during subsequent
runs with only the powerhouse in operatlon “Some of the riverbed.
material that was disturbed by the jets moved upstream with the clock-
wise eddy and was deposited on the riprap apron of the afterbay, Fig-
ure 72. Examination showed that this material came from the area
along the right riverbank between the riprap and the right tunnel
portal. It was estimated that close: to 35,000 cubic yards of material
moved into the tailrace.

The deposition of riverbed materlal on the riprap apron mlght entail .
costly maintenance problems; therefore, methods of preventing the
deposition of material were investigated in the model. The first
method consisted of preexcavating the area along the right riverbank,
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where previous model tests had indicated that most of the river
material had originated. Figures 73 and 74A show the outline of
the preexcavated area. '

The model was operated (left sp111way——32 OOO efs, “outlet works---
15, 000 cfs, and powerplant--24, 000 cfs) for 8 hours and examined
to determine the amount of riverbed material that had moved into
the tailrace area. Very little material was deposxted so the opera-
tion was continued for an additional 8 hours. Figure 74B shows the
appearance of the tailrace after 16 hours' operation. No additional
riverbed material had moved into the tailrace. This corrective .
method involved the removal of approximately 30, 000 cublc yards
of riverbed material a costly undertakmg ‘ S

The second method of preventmg the deposfclon of materlal on the
riprap was by regulating the discharge throughthe valves. This method
consisted of operating the two left-hand valves (No. 4 and No. 3) for
as long as possible to direct the outlet flow downstream and to limit
the operation of the two right-hand valves to only when large releases:
were necessary. For the model mvestlgatmn of this method, the
riverbed was reformed as shown in Figure 74A and the model was
operated with 24, 000 cfs through the powerplant, 32, 000 cfs through
the spillway and 7, 500 cfs through the two left-hand valves. At the
end of 7 hours' operation, an equlvalent of approximately 5,000 yards
of material had moved onto the riprap; most of the movement had
taken place during the first 2 hours of operatlon so a longer test was
deemed unnecessary. Figure 74C shows the tailrace area after thls o
test. : : ‘

This method of preventing excessive sedlmentatlon in the tallrace

was considered satisfactory.’ Although it was less effective than

the first method, the second method was adopted over the first method
which was considered too costly for the improbable flow condltlons ,
that would require operation of all four outlets.

The riprap in the tailrace had been subJected to over 30 hours' opera-
tion during these tests without being disturbed. This indicated that

the size of riprap in this area might be reduced. Originally the speci-
fications called for 30- to 48-inch-diameter rock; in the model these -
were represented by stones 3/8- to 3/4-inch in diameter. This rip-"

rap was replaced by stones 1/4-to 3/8~-inch in diameter, represent--. -

1ng praototype rock 18 to 24 inches in diameter.' The smaller size
riprap was in place during the two tests to determine a method of -
reducing the sedimentation in the tailrace. There was no movement
of the riprap during these tests; some settlement or consolidation
was apparent but easily identified individual stones were notlced 1n
the same places after each test.

These tests showed that the riprap in the tailrace could consist of
rock 24 to 30 inches in diameter, rather than the 30- to 48-inch-
diameter rock originally specified. However, because of sub-
sequent design and cost considerations, a concrete slab was placed
in the powerplant tailrace instead of the riprap.
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Water surface drawdown--Spillway operation. --A major concern
relative to the operation of the structuyre was the lowered tailwater
elevation at the powerhoutse during operatlon of the splllways The
reduction in water surfa« ¢e elevation or "drawdown'' was caused by
the ejector action of the jets striking the river and forcing the ‘
water downstream; the upstream water was drawn into the jet
impact area tc replenish the ejected water, resultlng m a depressed
upstream water level : ;

Approximately 3, 000 feet of river channel downstream £rom the
powerhouse was represented in the model. The estim riated solid
rock boundary of the river channel had been placed in concrete and
the 'sand and gravel of the riverbed were represented by sand
placed on the concrete. In this manner, the stable riverbed and
the erodible bedload deposits were represented. The estimated
solid rock outline and the extent of sand deposits in the river were
obtained from field drawings. The river outline was established
from speciﬁcation drawings. SRR ‘

In preparing the model for determmmg the water surface drawdown,
the sand bed was leveled and lightly compacted, and the riprap cover
was placed in the tailrace. The operating procedure was to discharge
24, 000 cfs through the powerhouse and to pass a known flow through
the spillways. The tailwater elevation corresponding to the com-
bined flows was set by the tailwater control gate at the downstream
end of the tailbox. When the water levels had stabilized the water
surface elevation in the tailrace 20 feet (prototype) downstream

from the powerhouse was recorded. The difference between the
recorded and the normal tallwater elevations was the amount of -
drawdown. :

The water surface did not have a uniform slope between the two sta-
tions; the surface sloped slightly downward from the powerhouse
to the point of impact of the jets where there was an abrupt increase
in the water level and an area of extreme turbulence followed by a
mild slope from the turbulent area to the tailgate control :

The water surface drawdown was determined for the range of sp111-
way flows from no flow increasing to the maximum discharge in .
increments of 50, 000 cfs, and then in decreasing increments to
no spillway flow. The fluctuation in water surface at the power-
plant was also measured. The drawdown in the increasing-flow
cycle was greater than that recorded in the decreasing- flow cycle
because of the dlfference in rlverbed erosion. :

Three theoretical tailwater elevatmn curves were avallable, Fig-
ure 75. These curves were contained in the repori, '"Tailwater
and Degradation Studies--Colorado River Below Glen Canyon Dam,"




prepared by the Hydrology Branch. The three curves were (1) ini-
tial conditions, (2) after channel degradation, (without Marble
Canyon), and (3) with Marble Canyon Dam, (no channel degradation).
The first curve represented initial operation without backwater
effects from Marble Canyon and before channel degradation down-
stream from Glen Canyon Dam. The second curve assumed that
clear water releases from Glen Canyon had caused downstream
channel degradation, resulting in a lower water surface elevation.
The third curve assumed that backwater from Marble Canyon Dam - -
affected the tailwater elevation and no downstream charinel degrada-
tion had occurred. The third curve was used 1n the tests to deter-
mine the water surface drawdown. '

The tailwater elevations at the two stations, the water surface draw-
down between the two statlons, and the water surface fluctuatlon at the
powerplant are shown on Figure 76.

Before erosion the maximum drawdown occurred for a combined
flow of 300, 000 cfs; the amount of drawdown was 30 feet. The
maximum water surface fluctuation of 5 feet occurred durmg the
maximum discharge.

A water surface drawdown curve was also obtained without the
sand placed on the concreted solid rock outline of the riverbed.
This curve was almost identical with the drawdown curve after
degradation. One run was made at maximum discharge with the
downstream tailwater elevation corresponding to Curve 2 on Fig-
ure 75 (after channel degradation, without Marble Canyon). The .
controlled downstream and observed upstream tailwater elevations
were 5 feet lower than for the previous tests, suggesting that the
amount of water surface drawdown would be the same for any of
the three tailwater conditions.

One measurement was made with the left spillway discharging
138, 000 cfs and no flow through the right spillway. TFor the
three tailwater conditions, the water surface drawdown was
slightly greater than when the combined d1scharge of both sp111-
ways was 138,000 cfs.

The same series of water surface drawdown tests were ‘m_ade

with 15,000 cfs discharging through the river outlets, 24,000 cfs
through the powerhouse, and both spillways operating. In general,
the operation of the river outlets increased the drawdown about

1 foot; this was true for the full range of splllway discharges and
for before and after riverbed erosion.




Limited investigations were made to determine the effect on the .
upstream water surface elevation after the: spillways had operated
at a combined flow of less than 100,000 cfs for relatively short
time periods. The model tests consisted of preparing the river-
bed to represent the predegradation conformation (8-10 inches of
sand on top of the concrete). Flow included the spillway dlscharge
plus 24,000 cfs through the powerhouse and, in some tests, ..
15,000 cfs through the river -ouilets. For spillway discharges up
to 75,000 cfs, the spillway jets eroded the riverbed material .
forming a sandbar downstream from the impact area. The loca-
tion and size of the sandbar depended on the spillway discharges.
After the spillway flow was shut down, the sandbar controlled

the upstream water level for powerhouse and outlet flows and

for all spillway discharges less than the discharge that had formed
the sandbar. This sandbar increased the water surface elevation
at the powerhouse by 5 feet for lesser Splllway ﬂows and for
powerhouse operatlon only : :

A sandbar also fcrmed for spillway discharges greater than
75,000 cfs. It was not possible to record conclusive tailwater
data in the model because the sandbar moved rapidly downstream.
After 2 to 3 hours of model operation, the sandbar had moved
beyond the model tailgate and no longer controlled the tailwater
level., These results are only qualitative because the sandbar
would control the tailwater for discharges above 75, 000 cfs if a
longer reach of the downstream river channel had been included
in the model. Ty

Water surface drawdown in powerplant afterbay. --A cost analysis
indicated that i1t would be less expensive to place an 8-inch-thick
concrete apron in the powerhouse afterbay rather than the riprap.
To assist the designer in determining the number of weep holes
necessary to relieve uplift pressures.on the slab, water surface
profiles for various operating conditions were measured.

Five electronic water-level measuring gages were placed on the
center of the river channel between the powerhouse and the down-
stream tailwater control. Water surface variations at the five sta--
tions were s1mu1taneously recorded on'a Sanborn recorder so: that -

were 53, 96, 210, 340, and 3, 000 feet downstream from the power-‘
house. The concrete apron W111 extend about 250 feet downstream
from the powerhouse.

Three different operating conditions were tested. In 'VI‘es't 1, the
powerplant was operating at 24, 000 cfs with the tailwater stabilized
at elevation 3146. The four river outlets were opened over a period




of 8 minutes (all values are prototype), ultimately discharging -

15, 000 cfs, giving a total flow of 39,000 cfs. Operation was. con-
tinued at this flow for about 7 hours. The recorded water surface
profiles with respect to time, Figure 77, showed that at Stations 1
and 2 the water surface dropped about 1 foot in the first 45 minutes,
dropped another foot in the next 75 minutes, and stable for the
remainder of the test. The water surface at Station 3 dropped 1 foot
before the valves were fully opened, increased to the original eleva-
tion during the ensuing 15 minutes, then gradually dropped about :
5 feet during the next 200 minutes, and then fluctuated between 4 and
5 feet for the remainder of the test. The water surface at Station 4
dropped 3 feet as the valves were opening, recovered about 1-1/2

feet during the next 10 minutes, then gradually dropped about 3-1/2 -
feet over the ensuing 60 minutes, at which time the measuring device
became inoperative due to a sandbar that formed directly under it. :
The water surface at Station 5 raised 1.foot during the time the valves
were being opened, then remained constant for the duration:of the '
test, which represented the normal rise in tailwater elevation for
this increase in discharge. This test showed that for this operating
condition, the most critical period for: upllft would be while the
valves were being opened and the drop in the: water surface at the
end of the apron would be about 2 feet.

In Test 2 the powerhouse was discharging 24,000 cfs with the
tailwater stabilized at elevation 3146. The four spillway gates
were opened at the rate of 2 feet per minute (fpm) until the com- -
bined splllway flow was 15, 000 cfs. This flow was used because it
was the minimum discharge at which the jets swept out of the flip
buckets. This operation was continued for about 2 hours; then the

- spillway flow was increased to 30,000 cfs and continued for about

"1-1/2 hours. The spillways were then slowly closed over a period
‘of about 1 hour; the test was continued for an additional hour with
- only the powerhouse operatmg

The water surface profiles, Flgure 77, indicated that the water -
level at Station 1 rose less than 1 foot in the first hour and then
remained constant-until the spillway flow ceased.. At Stations 2,

3, and 4 the water level rose 1-1/2 feet in the flrst ‘hour; remamed
constant until the spillway flow increased to 30, 000 cfs, then drop-
ped about 0. 25 foot and remained constant until the spillway gates
were closed. The water surface level at Station 5 increased 1.5
feet as the spillway discharge increased to 15,000 cfs, remained
constant until the spillway flow was increased to 30, 000 cfs when
the water level raised an additional 1.5 feet. The water level at
Station 5 dropped as the spillway ﬂow was shut off. :

This test indicated that there should be no upllft problem durmg
this operating condition.




In Test 3, the powerhouse was discharging 24, 000 cfs with the tail-
water stabilized at elevation 3146. The left spillway gates were
slowly opened until the spillway discharge was 29, 500 cfs, repre-
senting the maximum discharge of the tunnel plug outlet works.
Operation was continued at this flow until the tailwater had stabilized;
then, the powerhouse flow was slowly shut down. The tailwater

was again allowed to stabilize; then the river outlets were slowly
opened until they were d1scharg1ng 15,000 cfs. This operation was
continued for approx1mate1y 80 minutes; then the river outlets were
slowly closed.

The recorded water surface proflles, ’ Flgure 77, showed that the
water level at Stations 1 through 4 would increase about 1 foot as
the spillway flow increased. When the spillway flow reached

29, 500 cfs, the water level slowly dropped about 1.5 feet over a
period of 45 minutes. When the powerhouse flow was shut off, the
water level at Stations 1 through 4 dropped about 4 feet in a period
of 10 minutes. The water level was stable at these stations until
the river outlets were opened.  As the river outlets were opened,
the water level dropped 2 feet at Stations 1 and 2 and 5 feet at Sta-
tions 3 and 4. During the first 25 minutes of the river outlet opera-
tion, the water level rose about 1.5 feet at Stations 1 and 2 and

2.5 feet at Stations 3 and 4. When the river outlets were closed,

the water level rose about 2.5 to 3.5 feet. The water level at Sta-
tion 5 increased 3 feet as the spillway flow increased, dropped 2
feet when the powerplant was closed, and rose 1 5 feet when the
river outlets were opened.

Test 3 indicated that for this operating condition the slab should be
de51gned to provide for a water pressure dlfferentlal of 3 feet when
the river outlets were initially opened.
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45° Flip Angle

' Discharge = 121,000 cfs each tunne
T.W. Elev. = 3182.0 e

GLEN CANYON DAM SPILLWAYS

1:88 Scale Model
Preliminary Flip Bucket Operation




Figure 14A
Report Hyd-469

GLEN CANYON DAM

Project photographs of undercutting of right
canyon wall during river diversion Dec. 1959
Jan, 1960




Figure 14B
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GLEN CANYON DAM SPILLWAYS

Project photographs of canyon wall failure
Right 'Diversion Tunnel Portal. June 13, 1960
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Figure 16
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15,000 cfs
A. Preliminary Side Channel

15,000 cfs .. 50,000 cfs

B. Modified Side Channel

GLEN CANYON DAM SPILLWAYS

! 1:63.48 Scale Model
Flow at right diversion tunnel with side channels.
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Figure 18
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50-foot long deflector wall on right
side at tunnel portal. Canyon wall
and riverbed molded in erodible
sand-cement ‘mixture.

Extent of canyon wall erosion after
30 minutes operation at 50, 000 cfs.

Discharge = 50, 000 cfs

GLEN CANYON DAM SPILLWAYS

1:63. 48 Scale Model
Right Diversion Tunnel Deflector Wall Studies




Figure 19
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Q = 50,000 cfs

Superelevated extension wall downstream
from deflector wall.

GLEN CANYON DAM SPILLWAYS

. 1:63. 48 Scale Model
Right Diversion Tunnel Superelevated Deflector Wall
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GLEN CANYON DAM SPILLWAYS

Protective Wall at Right Diversion Tunnel
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Figure 27
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-Discharge = 138,000 cfs
Reservoir Elev, 3711,0

GLEN CANYON DAM SPILLWAYS

1:63. 48 Scale Model
Preliminary Left Spillway Approach Channel




Figure 28
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Discharge = 138, 000 cfs
A. First Revision Reservoir Elev. 3711.0

15l At A

Discharge = 138, 000 cfs
Reservoir Elev. 3711.0

B. Second Revision

GLEN CANYON DAM SPILLWAYS

1:63. 48 Scale Model
Revised Left Spillway Approach Channel
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Discharge ‘- 138, 000 cfs
Reservoir Elev. = 3711.0

Discharge = 138,000 cfs
Reservoir Elev, = 3711.0

GLEN CANYON DAM SPILLWAYS

1:63,48 Scale Model
Revised Left Spillway Approach Channel
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Discharge = 138, 000 cfs
Reservoir Elev. 3711.0

LWAYS
" 1:63. 48 Scale Model .

GLEN CANYON DAM SPIL

Preliminary Right Spillway Approach Cha.nnel
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Figure 34
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Discharge = 138,000 cfs
Reservoir Elev, = 3711.0

Discharge = 138, 000 cfs
Reservoir Elev, = 3711,0

B. Second Revision

GLEN CANYON DAM SPILLWAYS

1:63. 48 Scale Model
Revisions to Right Spillway Approach Channel.




Discharge = 138,000 cfs
Reservoir Elev. 3711.0
; .

I o™ ~

St

GLEN CANYON DAM SPILLWAYS

1:63. 48 Scale Model
Recommended Right Spillway Approach Channel
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Figure 36
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Discharge = 138,000 cfs
Reservoir Elev. = 3711.0

GLEN.CANYON DAM SPILLWAYS T

1:63. 48 Scale Model i
Flow with superelevated floor in
recommended approach channel
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Figure 43
Report Hyd-468

Flow in transition. Note small surface fin,

No separation. Occasiohal-gseparation from wall.
Flow Downstream from Transition
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1:63. 48 Scale Model
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NOTES:

t. For details of !ransition see figure 42,

2, For details of crest see figure 37.

3. Piezometers located in left bay of left spillway
nos. |-21 ¢a invert €, nos. 22—48 on left wall.

4. Pressures were faken with reservoir at top of gates
cr elevation 37110, whichever was' lowest,
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. FIGURE 63
REPORT HYD. 469
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Figure 65
Report Hyd-469

Discharge = 25, 000 cfs

Discharge = 75, 000 cfs

GLEN CANYON DAM SPILLWAYS

1:63. 48 Scale Model
Flow in Recommended Left Flip Bucket
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‘Figire 66
‘Report Hyd-488

Discharge = 25, 000 cfs

Discharge = 75,000 cfs

GLEN CANYON DAM SPILLWAYS ¥

1:63. 48 Scale Model
Flow in Recommended Right Flip Bucket




" Discharge = 138, 000 cfs each bucket
Tailwater Elevation = 3180.0

Left Bucket ' _ Right Bucket
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1:63.48 Scale Model
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at Maximum Discharge

69%-PAH 3oday




" ..--WATER SURFAGE

ELEVATION
o
o
o

ELEVATION
o
N
3

STATIONS 'IN FEET

' 'RIGHT SPILLWAY

+39. 400 s L4400 : 4§+OO

‘Note

Y WATER. SURFACE.

.- 45:4.00

. Profiles que'n .at ‘moximum
.dischorge, 138,000 c.f.s..-each:
spillway, “T.W. elev. 3180.0." -

N

39 + 00 ' ' 41 4 00 )
STATIONS IN-FEET e

LEFT SPILLWAY

GLEN GANYON DAM SPILLWAYS
1:63.48 SCALE MODEL :

WATER SURFACE PROFILES FROM RECOMMENDED FLIP BUCKETS

69t ‘0AH L¥0d3Y

89 3¥NOId

-




FIGURE 69
REPORT HYD. 469
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. Figure 70 .
Report Hyd-469

Erosion after 3 hours (model time) operation
at 15,000 cfs.

GLEN CANYON DAM SPILLWAYS

1:63. 48 Scale Model
Operation of River Outlets, Preliminary Design




FIGURE?!
REPORT:HYD. 469 .

~-96" HOLLOW JET VALVES .

3

RECOMMENDED .

GLEN GANYON DAM SPILLWAYS -
1:53.48 SCALE MODEL =«
RIVER OUTLETS ~-VALVE ALINEMENT




Figure 72
Report Hyd-469

Discharge = 15,000 cfs from River Qutlets;
32,000 cfs from T.P.O. W., 24,000 cfs
through powerhouse.

Erosion after 10 hours operation under
above flow conditions.

GLEN CANYON DAM SPILLWAYS

1:63. 48 Scale Model
Operation with Recommended Valve Alinement




_FIGURE 73
REPORT'HYD 469 °
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Figure 74
‘Report Hyd-469

p;-55.7 —D¢4‘_26~93~5N a

Pre—excavated erosion hole along right bank in
powerplant *afterbay.

Erosion after 16 hours operation, 24, 000 cfs
.thru powerplant, 15, 000 .cfs thru river outlets,
-32, 000 .cfs thru left bpﬂlway. No sand moved
into afterbay.

Erosion after 7 hours. operatxon. Valves 3 and 4
discharging 7,500 cfs, ‘24, 000 cfs thru powerplant, -
‘32, 000 cfs thru left:spililway. About 5,000 yards
of material moved into afterbay.

GLEN CANYON DAM SPILLWAYS

1:63. 48 Model Studies
Results of Erosion Studies in Powerplant Afterbay




FIGURE 75

[
w
L
.
|
<
e
-
A
>
w
-
w
w
M
w
4 o
=2
(0]
@
W
—
et
=

ok

REPORT HYD. 469

PR I B

i

IITIAL CONDITIONS~.

et  WITH MARBLE CANYON
. ] (no CHANNEL DEGRADATION)~_

. Condition with Marble 0o:< n it
- same with as i::oﬁ o:o::m: egradation

| "SaFTER CHANNEL DEGRADATION
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ABSTRACT

Hydraulic model studies were performed‘td investigate flow con-

" ditions in the diversion works, the tunnel spillways, and the river ' :

outlet works, The alinement of the tunnels was satisfactory for -
. both diversion and spillway flows. A low, curved concrete wall .

placed adjacent to the right canyon wall will protect the canyon ' - :

wall from undermining and erosion damage by diversion flows.
‘The spillway approach channels were greatly.reduced from their
original size. 'Flow through the crest sections was excellent and
no adverse pressure conditions were noticed.. However, the pre-
liminary tunnel transition was too.abrupt as indicated by rough :
flow conditions and subatmospheric pressures. A longer,. ade-:
quately streamlined transition was developed for prototype con-

struction. Flow in the 41-foot-diameter tunneis was excellent at - =

all discharges. The preliminary rectangular flip bucket at each
downstream tunnel portial was replaced by a bucket in which the

circular invert of the tunnel intersected the vertical curve of the . ..

bucket, This type of bucket eliminated the need for.a circular-

to-rectangular transition. ' The outside walls. of both buckets were
turned inward to direct the flow into the river in a more favorable .
pattern. Pressures as great as 211 feet of water were measured
in the invert and on the wall of the left bucket. The river outlets -

were arranged in a fan shape to reduce their erosive tendencies
in the river channel, Tailwater drawdown tests indicated that the

tailwater elevation at the powerhouse will be as much as 30 feet. "' .

lower than the downstream water level,-

PR DU AU IR A S

ABSTRACT

Hydraulic model s(udies were performed to investigate flow con-
ditions in the diversion works, the tunnel spillways, and the river
outlet works. - The alinement of the tunnels was satisfactory. for

both diversion and spillway flows. A low,.curved concrete wall 8

placed adjacent to the right canyon wall will protect the canyon. .,
wall from undermining and erosion damage by diversion flows.
The spillway approach channels were greatly reduced from their
original size. 'Flow through the crest sections was_excellent and
no adverse pressure conditions were noticed. ' However, the pre-
liminary tunnel transition was too abrupt as indicated by rough
flow conditions and subatmosphéeric pressures. A longer,. ade-
quately streamlined transition was developed for prototype con-
struction. Flow in the 41-foot-diameter tunnels was excellent at
all discharges. The preliminary rectangular flip bucket at each
downstream tunnel portal was replaced by a bucket in which the
circular invert of the tunnel intersected the vertical curve of the
bucket. This type of bucket eliminated the need for a circular-
to-rectangular transition, The outside walls of both buckets were
turned inward to direct the flow into the river in a more favorable
pattern. Pressures as great as 211 feet of water were measured
in the invert and on the wall of the left bucket. The river outlets
were arranged in a fan shape to reduce their erosive tendencies
in the river channel. . Tailwater drawdown tests indicated that the
tailwater elevation at the powerhouse will be as much as 30 feet
lower than the downstream water level.

SN NPRIEIE S SN e

T I S VS

¢

. ABSTRACT-

Hydrau‘l‘ic,‘xnodéllsmdies were pérféifx\éd to {nvestigate flow can- .

" ditions in the diversion works, the tunnel spillways, and the river. -

outlet works .- The alinement of the tunnels was:s2tisfactory for .
both diversion and spillway flows. ‘A low,-curved corcrete wall' .

i placed adjacent to the right canyon.wall will protect the canyon

wall from undermining and ‘erosion damage by diversion'fiows. -
The spillway approach channels. were greatly, reduced from: their

. original size.!"Flow through the crest sections was excellent and ...

" 'no adverse pressure conditions:were noticed.:” However, ithe.pre-
“:liminary tunnel transition was too abrupt.as indicated by rough .
' flow. conditions. and subatmospheric pressures. ;A longer, ade-'. "’

quately streamlined transition' was developed for prototype con-,. .-

Laioetruetion.” U Flow!in ;hev41ffoot-diametentunnels was excellent at. .. .
"+“<all discharges; . The preliminary rectangular flip bucket:at each
" ‘downstream’ tunnel portal was . replaced by a.bucket in which the -

circular invert of the tunnel intersected the.vertical'curve of the
bucket. ' This type of bucket eliminated the need for'a circular- .,

--/to-rectangular. transition,; The outaide walls of both buckets were

turned. inward to direct the flow into the river.in‘a more favorable

pattern..  Pressures as great as 211:feet of water were measured

in the invert and on the wall of the left bucket.” The river outlets

i .were arranged in a fan shape-to reduce their erosive tendencies :
“in the river channel, :Tailwater drawdown tests'indicated that.the

‘tailwater elevation at the powerhouse will be as much as'30 Iepe’t,

lower than the downstream water level,

_ “ABSTRACT

'Hydraulic model studies were performed to investigate flow con

ditions in the diversion works, the tunnel spillways, .and the river
outlet worka. The alinement of the tunnels was,satisfactory for '
both diversion and spillway flows.’ A low,.curved concrete wall
placed adjacent to the right canyon wall will protect the canyon
wall from undermining and erosion damage by diversion flows.

" The spillway. approach channels .were. greatly reduced from their

original size. ; Flow through the crest sections was excellent-and
no adverse pressure conditions were noticed.. However, the pre- = :

1liminary tunnel transition was too:abrupt as indicated by rough
:flow conditions and subatmospheric pressures.. A longer, ade-

quately streamlined transition was developed for prototype con-
struction. . Flow: in the 41-foot-diameter tunnels.was excellent at
all discharges. The preliminary rectangular. flip bucket at .each
downstream tunnel portal was replaced by a bucket in which the :

“circular-invert of the tunnel intergected the.vertical curve of the

bucket.  This type of bucket eliminated the ueed for a circular-
to-rectangular transition. ' The outside walle of both buckets were
turned inward to direct the flow. into the river in a more favorable
pattern, Pressures as great.as 211 feet of water were measured
in the invert and on the wall of the left bucket. ' The river outlets
were arranged in a fan shape to reduce their erosive tendencies
in the river channel. Tailwater drawdown tests indicated that the
tailwater elevation at the powerhouse will be as much as 30 feet
lower than the downstream water level,




HYD-469 e
Rhone, T. J.

HYDRAULIC MODEL STUDIES OF THE SPILLWAYS AND OUTLET

WORKS--GLEN CANYON DAM--COLORADO RIVER STORAGE
PROJECT, ARIZONA

Laboratory Report, Bureau of Reclamation, Denver,

42 p, 2 tables, 39 photos, 42 figures, 1964

DESCRIPTORS--*hollow jet valves/ *radial gates/ afterbays/
diversion tunnels/ *flip buckets/ hydraulic structures/ uplift
pressures/ cavitation/ control structures/ discharge coefficients/
flow/ Froude number/ head losses/ *hydraulic models/ jets/
Manning formula/ open channel flow/ spillway crests/ surges/
tailrace/ piezometers/ pregssure measuring equipment/ energy
losses/ negative pressures/ stream erosion/ backwater/ draw-
down/ transitions/ training walls/ velocity/ velocity distribution/

[DENTIFIERS- -approach channel/ tunnel transitions/ tunnel
spillway

HYD-469

Rhone, T. J. :

HYDRAULIC MODEL STUDIES OF THE SPILLWAYS AND OUTLET
WORKS--GLEN CANYON DAM--COLORADOU RIVER STCHAGE
PROJECT, ARIZONA

Laboratory Report, Bureau of Reclamation, Denver,

42 p, 2 tables, 39 photos, 42 figures, 1964 :

DESCRIPTORS --*hollow jet valves/ *radial gates/ afterbays/
diversion tunnels/ *flip buckets/ hydraulic structures/ uplift
pressures/ cavitation/ control structures/ discharge coefficients/
flow/ Froude number/ head losses/ *hydraulic models/ jeta/
Manning formula/ open channel flow/ spillway crests/ surges/
tailrace/ piezometers/ pressure measuring equipment/ energy
losses/ negative pressures/ stream erosion/ backwater/ draw-
down/ trangitions/ training walls/ velocity/ velocity digtribution/

IDENTIFIERS--approach channel/ tunnel trangitions/ tunnel
spillway

HYD-469 : o

Rhone, T. J. ‘ T :

HYDRAULIC MODEL STUDIES OF THE SPILLWAYS AND OUTLET
WORKS--GLEN CANYON DAM--COLORADO RIVER STORAGE
PROJECT, ARIZONA ‘ : CLl

‘Laboratory Report, Bureau of Reclamation;’ .Denver,

42 p, 2 tables, 39 photos, 42 figures, 1964

DESCRIPTORS --*hollow jet valves/ #radial gates/ afterbays/
diversion tunnels/ *fiip buckets/ hydraulic structures/ uplift
pressures/ cavhationfcontrol structures/ dischargci‘coefﬁciema/
flow/ Froude number/ head losses/ *hydraulic models/ jets/ -
Manning formula/ open channel flow/ spillway crests/ surges/
tailrace/ piezometers/ pressure measuring equipment/ energy
losses/ negative pressures/ stream erosion/ backwater/ draw-
down/ transitions/ training walls/ velocity/ velocity distribution/

IDENTIFIERS- -approach channel/. tunnel iransitions/ tunnel
spillway o - ; T

HYD-469 :
Rhone, T. J. . o -
HYDRAULIC MODEL STUDIES OF THE SPILLWAYS AND OUTLET
WORKS--GLEN CANYON DAM--COLORADO RIVER STORAGE % !

'"PROJECT, ARIZONA

Laboratory Report, Bureau of Reclamation, Den\)er,

42 p, 2 tables, 39 photos, 42 figures, 1964

DESCRIPTORS --#hollow jet valves/ *radial gates/ afterbays/
diveraion tunnela/ *flip buckets/ hydraulic structures/ uplift
pressures/ cavitation/ control structures/ discharge coefficients/
flow/ Froude number/ head losses/ *hydraulic models/ jets/
Manning formula/ open channel flow/ spillway crests/ surges/
tailrace/ piezometers/ pressure measguring equipment/ energy
losses/ negative pressures/ stream erosion/ backwater/ draw-
down/ transitions/ training walls/ velocity/ velocity distribution/

IDENTIFIERS--approach channel/ tunnel transf‘:lsngl tunnel
spillway : o




